Mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) plays an essential role in regulating cell proliferation through phosphorylating AGC protein kinase family members, including AKT, PKC and SGK1. The functional core complex consists of mTOR, mLST8, and two mTORC2-specific components, Rictor and mSin1. Here we investigated the intermolecular interactions within mTORC2 complex and determined its cryo-electron microscopy structure at 4.9 Å resolution. The structure reveals a hollow rhombohedral fold with a 2-fold symmetry. The dimerized mTOR serves as a scaffold for the complex assembly. The N-terminal half of Rictor is composed of helical repeat clusters and binds to mTOR through multiple contacts. mSin1 is located close to the FRB domain and catalytic cavity of mTOR. Rictor and mSin1 together generate steric hindrance to inhibit binding of FKBP12-rapamycin to mTOR, revealing the mechanism for rapamycin insensitivity of mTORC2. The mTOR dimer in mTORC2 shows more compact conformation than that of mTORC1 (rapamycin sensitive), which might result from the interaction between mTOR and Rictor-mSin1. Structural comparison shows that binding of Rictor and Raptor (mTORC1-specific component) to mTOR is mutually exclusive. Our study provides a basis for understanding the assembly of mTORC2 and a framework to further characterize the regulatory mechanism of mTORC2 pathway.
INTRODUCTION
Mechanistic target of rapamycin (mTOR) is a giant Ser/Thr kinase and is evolutionarily conserved in eukaryotes from yeast to human.
1,2 mTOR functions as a master regulator in controlling various cellular processes through forming two distinct multisubunit protein complexes, a rapamycin-sensitive mTOR complex 1 (mTORC1) and a rapamycin-insensitive mTOR complex 2 (mTORC2). [3] [4] [5] [6] Upon stimulation by growth factors, energy and amino acids, mTORC1 controls cell growth through regulating signaling pathways of translation, transcription, nutrient uptake, ribosome biogenesis and autophagy. In contrast, mTORC2 primarily functions as an effector of insulin-PI3K (phosphatidylinositide 3-kinases) pathway and regulates cell proliferation. The representative mTORC2 substrates are AGC (PKA/PKG/PKC) protein kinase family members, including AKT, 7 PKC, 8 and SGK1. 9 Aberrant mTORC2 signaling has been shown to be involved in tumorigenesis and mTORC2 may serve as a potential anti-cancer drug target. 10 The mTORC1 and mTORC2 complexes share two core components, mTOR and mammalian lethal with SEC13 protein 8 (mLST8, also known as GβL). 11 Regulatory-associated protein of mTOR (Raptor) is the mTORC1-specific component.
12,13 mTORC2 contains two essential specific components, rapamycin insensitive companion of mTOR (Rictor) 8, 14 and mammalian stress-activated protein kinase-interaction protein 1 (mSin1) (Fig. 1a) . 15, 16 Yeast TORC2 is composed of four essential components, Tor2 (mTOR ortholog), Lst8 (mLST8 ortholog), Avo1 (mSin1 ortholog), Avo3 (Rictor ortholog), and two non-essential components, Avo2 (no human ortholog) and Bit61/2 (Protor1/2 equivalent). 6 Eukaryotic mTOR is a protein kinase belonging to the family of PI3K-related kinases (PIKK). 17, 18 Representative PIKK family members include three master regulators for DNA damage responses, DNA-dependent protein kinase catalytic subunit (DNA-PKcs), ataxia-telangiectasia mutated (ATM), and ATM-and Rad3-related (ATR). The PIKK family members share conserved domain architecture, a large N-terminal α-solenoid, a FAT (FRAP, ATM, TRRAP) domain, a kinase domain (KD) with a FKBP12 (12 kDa FK506-binding protein)-rapamycin binding (FRB) insert (Fig. 1b) . Rapamycin inhibits mTORC1 activity by forming a complex with immunophilin FKBP12. 3, 8 FKBP12 and rapamycin together bind to FRB, prohibit substrate entry and therefore inhibit mTORC1 kinase activity. 19 The PH domain of mSin1 inhibits mTORC2 activity and this autoinhibition is released in the presence of phosphatidylinositol (3,4,5)-trisphosphate (PIP3). 20 It remains elusive why mTORC2 is insensitive to FKBP12-rapamycin and how the PH domain inhibits mTORC2 activity.
The three-dimensional structure of mTORC1 has been extensively studied in the past years. 19, [21] [22] [23] Recently, Yang et al. 24 reported atomic resolution structure of mTORC1 and related complexes and revealed the mechanism for mTORC1 activation by Ras homologue enriched in brain (Rheb) and inhibition by prolinerich Akt/PKB substrate 40 kDa (PRAS40). Negative stain (~26 Å) 25 and cryo-electron microscopy (EM) (7.9 Å) 26 structures of S. cerevisiae TORC2 (scTORC2) reveal an overall fold and subunit architecture of the complex. 27 However, the structure of mammal/ human mTORC2 remains largely unknown. Here we report the cryo-EM structure of human mTORC2 at 4.9 Å resolution. The structural and biochemical analyses together provide a structural model for understanding the assembly and function of mTORC2 complex.
RESULTS

Purification and cross-linking mass spectrometry analysis of mTORC2
To perform biochemical and structural analyses of mTORC2, we purified human mTORC2 complex to homogeneity (Supplementary information, Figure S1a ). The four mTORC2 components were co-transfected into HEK293F cells in suspension culture and the purified complex consists of mTOR, Rictor, mSin1 and mLST8. The complex exhibited protein kinase activity in the in vitro kinase assay using purified human AKT (kinase-dead mutant) as substrate and the kinase activity was inhibited by Torin1, a wellcharacterized ATP-competitive inhibitor of mTOR (Supplementary information, Figure S1b ).
Secondary structure prediction and previous study show that mSin1 is composed of an N-terminal region (residues 1-137, designated mSin1 N ), a conserved region in the middle (CRIM, 138-266), a Ras binding domain (RBD, , and a pleckstrin homology domain (PH, 376-522) 20 ( Fig. 1a) . Rictor has an Nterminal armadillo (ARM) repeat cluster (~900 residues), followed by a large unstructured region. 28 We next performed cross-linking mass spectrometry (XL-MS) analysis using the purified mTORC2 complex (Fig. 1b and Supplementary information, Table S1 ). The major intermolecular cross-links identified are summarized below.
(1) The FRB domain of mTOR makes multiple contacts with mSin1 and C-terminal regions (residues 1,100-1,500) of Rictor. (2) The C-terminal portion (residues 1,186-1,218) of M-HEAT of mTOR makes contacts with the N-terminal portion (residues 506-516) of Rictor. (3) mSin1 makes multiple contacts with Rictor, mainly with its N-terminal region. Compared to the XL-MS analysis of scTORC2 complex, 25 more cross-links were observed between the FRB and the two mTORC2-specific components, Rictor and mSin1. This is consistent with our structural analysis (discussed below).
Rictor-mTOR interaction
We next performed in vitro immunoprecipitation assays to investigate the intermolecular interaction of the four mTORC2 components. The maltose-binding protein (MBP)-tagged Rictor could pull out the endogenous mTOR in the presence of mSin1 (Supplementary information, Figure S2a , lanes 3 and 7) and the overexpressed mTOR in the absence of mSin1 (lanes 2 and 6). More stable Rictor-mTOR interaction could be detected in the presence of both mSin1 and mLST8 (lane 8), suggesting that mSin1 and mLST8 may facilitate the interaction between Rictor and mTOR. Two C-terminal truncations and an N-terminal truncation of Rictor could bind to mTOR (Fig. 2a) . These observations are consistent with the XL-MS result (Fig. 1b) , and suggests multiple contacts between Rictor and mTOR.
Rictor-mSin1 interaction MBP-tagged Rictor bound to mSin1 in the absence or the presence of mTOR and/or mLST8 (Supplementary information, Figure S2a , lanes 3, 5, 7, and 8), indicating a direct interaction independent of mTOR-mLST8. Consistently, the C-terminally protein A (ProA)-tagged mSin1 directly bound to Rictor (Supplementary information, Figure S2b, lane 3) . N in mediating mSin1-Rictor interaction. Full-length mSin1 bound to the N-terminal portion (residues 1-905) or C-terminal portion (residues 905-1708) of Rictor (Fig. 2b) . Moreover, mSin1 N could bind to the Rictor Nterminal portions containing residues 1-595 or 1-905 and Cterminal portion containing residues 905-1708 (Fig. 2c) . Taken together, mSin1 and Rictor make multiple contacts, and mSin1 N is critical for the intermolecular interaction.
mSin1-mTOR interaction
The ProA-tagged mSin1 could pull out endogenous mTOR, indicating a direct interaction (Supplementary information, Figure S2b , lanes 1, 3, 4, and 7). Full-length mSin1 and two Cterminal truncations could also pull out the endogenous mTOR in the presence of Rictor (Supplementary information, Figure S3a N -containing truncations of mSin1 could pull out other three mTORC2 components and form the whole mTORC2 complex (Supplementary information, Figure S3c, lanes 1-4) . In contrast, the constructs with deletion of mSin1 N could not pull out any of the three components (Supplementary information, Figure S3c , lane 5-10). Moreover, mSin1
N directly bound to full-length mTOR and Cterminal portion of mTOR (residues 1,376-2,549) (Fig. 2d) . The mSin1 N -containing constructs could form stable and catalytically active mTORC2 complexes (Fig. 2e) . Taken together, mSin1 has multiple contacts with other mTORC2 components and mSin1 N plays a critical role in mediating the mTORC2 complex formation. N with full-length and truncated mTOR. The experiments were performed as described in a. e In vitro kinase assay using purified mTORC2 containing full-length or truncated mSin1. Purified human AKT (K179D, kinase-dead mutant) serves as a substrate. The activities of mTORC2 were detected by immunoblotting with antibodies targeting phospho-Ser473 of AKT This is consistent with our XL-MS analysis and previous studies. 15, 16 Cryo-EM structure determination We next determined the cryo-EM structure of mTORC2 using single-particle reconstruction and the EM map was refined to 4.9 Å resolution (Supplementary information, Figure S4 and Table S2 ).
The cryo-EM map shows well-defined secondary structural elements (Supplementary information, Figure S5 ). The models of mTOR and mLST8 were built according to the EM map and structural models of mTORC1. 23, 24 However, the models of the Rictor and mSin1 could not be unambiguously defined merely from the EM map.
We next built structural models of Rictor and mSin1 based on the EM map, the secondary structure prediction (Fig. 1a) , the XL-MS (Fig. 1b) , and the in vitro immunoprecipitation assays ( Fig. 2 ; Supplementary information, Fig. S2 and Fig. S3 ). Apart from the density corresponding to mTOR-mLST8, extra EM density should be derived from Rictor and/or mSin1 (Supplementary information, Figure S5 ). The EM map reveals primarily helical elements that can accommodate~1,000 residues in total for each mTORC2 protomer. Secondary structure prediction indicates that the helical elements are likely to be derived mainly from the N-terminal portion of Rictor, which is composed of ARM and/or HEAT repeat domain clusters. 28 We therefore built model of Rictor as polyAlanine chains (880 residues) into this EM density (Supplementary information, Figure S5c and e).
The EM map shows that a four-helix bundle is close to the FRB domain and the catalytic cavity of mTOR and a helical region bridges mLST8 and Rictor/mSin1 (Supplementary information, Figure S5c and d). Biochemical analyses show that mSin1 N directly binds to the N-terminus (1-595) of Rictor and XL-MS analysis shows that multiple regions of mSin1 are close to the FRB domain of mTOR. Therefore, these five α-helices are very likely to be derived from mSin1. We built mSin1 model as five isolated polyAlanine chains into the EM map. The C-terminal half of Rictor and most of the mSin1 portion are invisible in the EM map, which might result from their intrinsic flexibility. The overall structure of mTORC2 The mTORC2 structure reveals a hollow rhombohedral fold with overall dimensions of~220 × 200 × 130 (Å 3 ) (Fig. 3) . The complex adopts a 2-fold symmetry and each protomer consists of one copy of mTOR, mSin1, Rictor and mLST8. Dimer of mTOR-mLST8 heterodimer in mTORC2 adopts a similar overall architecture to that in mTORC1 with a root mean square deviation (RMSD) of 6.7 Å for 3,550 Cα atoms (Supplementary information, Figure S6a ). As observed in the mTORC1, the two mTOR monomers of mTORC2 pack against each other and form a central scaffold to provide binding surfaces for the other three components. The two copies for each individual mTORC2 subunits (mLST8, mSin1 or Rictor) symmetrically bind to the mTOR dimer (Fig. 3b) . Consistent with previous studies, mLST8 stably binds to the kinase domain of mTOR and flanks outside of the core complex. 19, 21, 23 As shown in previous studies, mTOR is composed of an Nterminal super-helical HEAT repeat (N-HEAT), a middle extended HEAT repeat (M-HEAT), a "C"-shaped α-solenoid (FAT), followed by the kinase domain with a FRB insertion (Supplementary information, Figure S6b ). The XL-MS analysis and high-resolution cryo-EM structure of mTORC1 24 strongly support that mTOR adopts a topological conformation as described in previous studies of mTORC1 23 and Tor-Lst8 from the thermotolerant yeast Kluyveromyces marxianus 22 (Supplementary information, Figure S6b ).
Rictor and Rictor-mTOR interface Rictor has three continuous ARM/HEAT helical repeat (HR) clusters, HR1 to HR3. HR1 is composed of nine parallel helical repeats and adopts an extended conformation (Fig. 4) . HR2 is composed of eight α-helices and binds to the repeats 5-9 of HR1 in a ridge-toridge manner. HR3 adopts an extended conformation and has six helical repeats. HR3 has no direct contact with HR1 or HR2 and its conformation is stabilized through interacting with mTOR (discussed below). We observed three major intermolecular contacts between Rictor and mTOR ( Fig. 5a-c). (1) Helical repeats R1 to R6 of HR1 make contacts with mSin1 and the FRB domain of mTOR. (2) The three terminal α-helices of HR1 make contacts with the M-HEAT of mTOR and the N-HEAT of the other mTOR molecule (designated N-HEAT'), and thus form a three-way junction for intermolecular interaction. This contact agrees nicely with the XL-MS result, which shows extensive cross-links between Rictor (residues 507-516) and the M-HEAT (residues 1,186-1,218) of mTOR (Fig. 1b) . (3) The last two repeats of HR3 make contacts with the last HEAT repeat of the M-HEAT of mTOR. Notably, the XL-MS analysis shows extensive cross-links between the C-terminal portion of Rictor and the FRB of mTOR (Fig. 1b) . The C-terminal portion of Rictor could not be assigned in the EM map possibly due to its flexibility. Such RictormTOR contacts suggest a potential regulatory function of Rictor yet to be discovered.
Comparison of mTORC1 and mTORC2 structures Although mTORC1 and mTORC2 adopt similar overall conformations, there are two distinct structural features. The first one is their specific components, Rictor and Raptor, which adopt distinct conformations (Fig. 5d) . This is consistent with the fact that the two proteins have no sequence homology. Interestingly, Raptor also has an extended HEAT repeat domain, which binds to the M-HEAT and the N-HEAT' of mTOR. Raptor and mTOR form a threeway junction in a manner similar to that formed between Rictor and mTOR in mTORC2 (Fig. 5d) . mTORC1 has no contacts that are equivalent to the first and third Rictor-mTOR contacts in mTORC2. The structure comparison clearly shows that the binding of Rictor and Raptor to mTOR is mutually exclusive, which agrees nicely with the distinct mTOR complex assemblies. 3, 8, 14 Another difference between mTORC1 and mTORC2 is their overall organization of mTOR dimer. As shown in the top view of Fig. 6a , mTOR symmetrically dimerizes through intermolecular interaction between the M-HEAT and N-HEAT'. The patterns for mTOR dimerization are similar in the two complexes. However, as shown in the opposite view, mTORC2 shows a narrower central hole compared to that of mTORC1 (Fig. 6b) . The inner height of the hole is represented by the distance between two symmetrically arranged R1966 residues from the two FAT domains. As shown in Fig. 6c , the inner hole of mTORC2 is as narrow as~11 Å, whereas that of mTORC1 is~23 Å. Such conformational difference is likely to result from distinct complex assemblies. Compared to the mTORC1 structure, the existence of Rictor and mSin1 pushes the FRB domain to move forward to the other mTOR by as far as 12 Å (Fig. 6d) . As a result, the FAT and KD domains make a movement to the same direction (Fig. 6b) . Therefore, upon association with Rictor and mSin1, mTOR dimer may undergo conformational switch to form a more compact fold than that of mTORC1. Such structural difference of the two complexes may be related to their distinct functional properties.
It is theoretically possible that one Rictor/mSin1 and one Raptor simultaneously bind to one mTOR dimer because mTORC2 and mTORC1 both have two symmetrically arranged Rictor/Raptor binding surfaces (Fig. 6a, b) . However, no such chimera complex has been reported yet. It is tempting to speculate that Rictor/ mSin1 association might allosterically affect the other binding site to favor Rictor association and prohibit Raptor association. Raptor may have a similar effect on mTOR dimer to inhibit Rictor/mSin1 association. mSin1 structure and rapamycin insensitivity According to the secondary structure prediction and biochemical analyses, we built a structural model for mSin1, which shows a four-helix bundle and an α-helix bridging mLST8 and Rictor/ mSin1. These helices might be primarily from mSin1 N and partly from other mSin1 regions. Two α-helices pack against helical repeats R1 to R4 of Rictor (Fig. 7a) . The bottom of the four-helix bundle and helical repeat R6 of Rictor are close to the FRB of mTOR. Such structural organization agrees nicely with the XL-MS (Fig. 1b) .
FKBP12 and rapamycin together inhibit mTORC1 kinase activity through binding to the FRB domain of mTOR and therefore provide steric hindrance for substrate entry. 19 In contrast, FKBP12-rapamycin does not directly bind mTORC2 or inhibit its kinase activity under physiological conditions. Structural comparison shows that FRB mTORC2 and the isolated FRB in the structure of FRBrapamycin-FKBP12 (PDB: 1FAP) adopt similar conformations 29 ( Fig. 7a, lower panel) . The existence of the five α-helices of mSin1 would generate steric hindrance and prohibit the association of FKBP12-rapamycin. Therefore, once mTORC2 complex is formed, FKBP12-rapamycin would not be able to get access to the FRB for inhibition. If FKBP12-rapamycin successfully binds to the FRB domain, mSin1-Rictor interaction would not be maintained and the complex will be disrupted. To test this possibility, we performed an in vitro pull-down assay using purified Flagtagged mTORC2 and GST-tagged FKBP12 in the presence of rapamycin (Fig. 7b, c) . In the GST pull-down assay, FKBP12 strongly bound to mTORC1 in the presence of rapamycin but showed no interaction with mTORC2. Note that mTOR was pulled down by FKBP12, which might result from the presence of free mTOR in the mTORC2 sample or the disruption of mTORC2 by FKBP12-rapamycin under high protein concentration. Nevertheless, structural analyses clearly show that the mTORC2 complex formation and FRB-FKBP12-rapamycin association are mutually exclusive, which is in line with rapamycin insensitivity of mTORC2.
DISCUSSION
In this study, we report the cryo-EM structure of human mTORC2 at 4.9 Å resolution. The structure provides a molecular basis for understanding the complex assembly of mTORC2 and the regulatory mechanism of mTORC2. We have used a reasonably large number of particles for structure determination and refinement. The resolution is limited to 4.9 Å resolution, which might result from the intrinsic dynamic property. Further optimization of sample preparation, such as better cross-linking, may generate well-behaved sample for higher resolution structure determination.
Our biochemical and structural analyses demonstrate that Rictor and mSin1 interact with each other and together make multiple contacts with mTOR-mLST8. The pattern for complex assembly of mTORC2 is distinct from that of mTORC1, in which Raptor binds to mTOR primarily through one intermolecular contact. Structural comparison shows that the binding of Rictor and Raptor to mTOR is mutually exclusive, and clearly reveals the mechanism for distinct complex assemblies of mTOR. 3, 8, 14 Although Rictor and mSin1 can individually bind to mTOR, both proteins are required for stable mTORC2 complex formation. Lack of Rictor or mSin1 would strongly destabilize mTORC2 complex formation, as judged by chromatography and electron microscopy analyses (data not shown). We were not able to individually purify well-behaved Rictor or mSin1 proteins (data not shown), suggesting that the two proteins may not be stable if not in the context of mTORC2 complex. According to the 4.9 Å EM map, we could only build polyAlanine chains for N-terminal portion of Rictor and five α-helices of mSin1. The rest portions are invisible in the EM map possibly due to their intrinsic flexibility, which is consistent with secondary structure prediction (Fig. 1a) . We observed extra density near the four-helix bundle and the catalytic pocket of mTOR (Supplementary information, Figure S5a lower panel, d) . This flattened stretch density might represent the β-sheet from other domains of mSin1. For example, the structure of Schizosaccharomyces pombe Sin1 CRIM shows a four-stranded β-sheet packing against three α-helices. 30, 31 It is tempting to speculate that the flattened stretch density is derived from the CRIM domain, which has been shown to recruit substrate for phosphorylation by TORC2. 30, 32 Previous study shows that the PH domain of mSin1 inhibits the kinase activity of mTORC2 and this autoinhibition is released in the presence of PIP3. 20 To test whether that is the case, we performed an in vitro kinase assay using purified mTORC2 complexes containing various C-terminal truncations of mSin1. The mSin1 Ncontaining constructs could form stable mTORC2 complexes ( Fig. 2e and Supplementary information, Figure S3c ). Intriguingly, we did not detect significant difference in catalytic activity for the complex formed by full-length mSin1 or truncated mSin1 lacking PH domain (Fig. 2e) . One possible explanation is that the mTORC2 protein complex was obtained from 293F cells cultured in serumfree medium. Under such condition, mTORC2 might adopt an active conformation in which the PH-mediated autoinhibition does not exist for unknown reason.
Previous studies show that the addition of N-terminal tag to mSin1 or the deletion of N-terminal 192 residues of mSin1 (mSin1.4, an N-terminal deletion isoform of mSin1.1) largely hampers the mTORC2 complex assembly. 15 This is consistent with our results and supports that the N-terminal region of mSin1 is critical for mTORC2 complex assembly, whereas other regions of mSin1 may play a regulatory role.
When our manuscript was in preparation, Karuppasamy et al. 26 reported a 7.9 Å cryo-EM structure of S. cerevisiae TORC2 (scTORC2). The EM map of scTORC2 reveals extra density corresponding to the two yeast non-essential components, Avo2 and Bit61. Structural comparison shows that the two complexes adopt similar architectures (Supplementary information, Figure S7 ). However, the 4.9 Å EM map of human mTORC2 provides a better density for the assignment of Rictor and mSin1 and structural analyses.
MATERIALS AND METHODS
Reagents Antibodies used in this study: anti-phospho-Ser473 AKT (4060, Cell Signaling Technology (CST)), anti-AKT (4691, CST), anti-Rictor or GST (c) pull-down assays were performed using purified mTORC2, mTORC1, and GST-tagged FKBP12 in the presence of rapamycin. The protein complexes were incubated and immobilized to the indicated resins, and the bound proteins were subjected to SDS-PAGE and stained using Coomassie blue (2114, CST), anti-mTOR (2972, CST), anti-mSin1 (12860, CST), antiFlag-HRP (A8592, Sigma), anti-myc-HRP (GNI4310-MC-S, GNI GROUP), horseradish peroxidase-labeled anti-rabbit secondary antibodies (AbMart). Other reagents: Flag resin (FLAG M2-agarose, Sigma), rabbit IgG beads (Smart-lifesciences), amylose resin (NEB), rapamycin (Selleck), glutaraldehyde solution (G5882, Sigma), polyethylenimine (PEI; 23966, Polysciences), Pierce C18 spin column (GL Sciences), 293F medium (Sino Biological Inc.); glutathione resin, Superdex 75 (10/300 GL) and Superose-6 Increase (5/150 GL) were from GE Healthcare; 3× Flag peptide was synthesized in Meilunbio Inc.; Torin1 was kindly provided by Dr. Haixin Yuan (IBS, Fudan University).
Protein expression and purification To produce soluble mTORC2 protein complex, the ORFs of human mTOR, Rictor, mSin1 and mLST8 were sub-cloned into four different modified pCAG vectors, which contain an N-terminal myc tag (mTOR), N-terminal Flag tag (Rictor), C-terminal ProA tag (mSin1), N-terminal Flag tag (mLST8), respectively. The four plasmids were co-transfected to 293F cells using PEI. After cultured at 37°C for 72 h, cells were harvested and lysed in lysis buffer (50 mM HEPES, pH 8.0, 300 mM NaCl, 0.1% CHAPS, 5 mM ATP, 5 mM MgCl 2 , 2 mM EDTA, 3 mM DTT, 10% (v/v) glycerol, 1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml pepstatin, 1 μg/ml leupeptin) at 4°C for 30 min. The lysates were clarified by centrifugation at 15,000 r.p.m. at 4°C for 30 min. Supernatants were mixed with Flag resin and incubated for 1.5 h. The resins were thoroughly washed with the lysis buffer. The fusion proteins were digested using TEV protease at 4°C for 2 h to remove tags and the complex was eluted by an elution buffer (50 mM HEPES, pH 8.0, 300 mM NaCl, 0.1% CHAPS, 0.5 mM EDTA, 3 mM DTT, 10% (v/v) glycerol). The protein complex was concentrated and stored at −80°C for kinase assay and XL-MS analysis. The mTORC2 complexes with mSin1 truncations were similarly prepared. To prepare mTORC2 sample for EM study, the mTORC2 proteins were concentrated to 5 mg/ml followed by gradient fixation (Grafix). 33 The gradient was generated from a 10% glycerol light solution (10% (v/v) glycerol, 300 mM NaCl, 30 mM HEPES, pH 7.4, 0.5 mM EDTA, 1 mM TCEP), and a 30% glycerol heavy solution (30% (v/v) glycerol, 300 mM NaCl, 30 mM HEPES, pH 7.4, 0.5 mM EDTA, 1 mM TCEP, and 0.15% (v/v) glutaraldehyde). Centrifugation was performed at 38,000 r.p.m. in a SW41Ti swinging bucket rotor for 18 h at 4°C. Subsequently, peak fractions were collected and quenched with 100 mM Tris-HCl (pH 8.0). The cross-linked mTORC2 complex was further purified by gel filtration chromatography (Superose-6 Increase 5/150 GL) in the buffer containing 300 mM NaCl, 30 mM HEPES (pH 7.4), 0.5 mM EDTA and 1 mM TCEP. The peak fractions were concentrated to 1.5 mg/ml and applied to Cryo-EM grids.
To prepare Flag-tagged mTORC2 for in vitro pull-down assay, the proteins were directly eluted by an elution buffer (0.5 mg/ml 3× Flag peptide, 50 mM HEPES, pH 7.4, 300 mM NaCl, 0.1% CHAPS, 0.5 mM EDTA, 3 mM DTT) from the Flag resin. The complexes were concentrated and stored at −80°C for the pull-down assay.
The full-length variant of human AKT (K179D, kinase-dead mutant) was sub-cloned into the modified pCAG vectors with an N-terminal ProA tag. The plasmids were transfected into 293F cells. The cells were harvested and lysed in lysis buffer (50 mM HEPES, pH 7.4, 300 mM NaCl, 0.25% CHAPS, 5 mM ATP, 5 mM MgCl 2 , 3 mM DTT, 1 mM PMSF, 1 μg/ml Aprotinin, 1 μg/ml Pepstatin, 1 μg/ml Leupeptin). The clarified lysate was applied to IgG beads and the fusion protein was digested with Precission protease. The protein was further purified by gel filtration chromatography (Superdex 75, 10/300 GL) in the buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl and 1 mM TCEP. The peak fractions were collected and stored at −80°C for kinase assays.
GST-FKBP12 protein was expressed in E. coli BL21 (DE3) cells transformed with modified pGEX-6P-1. The fusion protein was purified by glutathione resin and gel filtration chromatography (Superdex 75, 10/300 GL) in the buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl and 1 mM TCEP. The peak fractions were collected and stored at −80°C for the pull-down assay.
The Flag-tagged human mTORC1 was overexpressed in mammalian 293F cells and purified as described previously. 23 In brief, the full-length mTOR, Raptor and mLST8 were sub-cloned into the three modified pCAG vectors with N-terminal Flag tag fusion in Raptor and mLST8, and co-transfected into 293F cells. The cells were harvested and lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.4% CHAPS, 3 mM DTT, 1 mM PMSF, 1 μg/ ml Aprotinin, 1 μg/ml Pepstatin, 1 μg/ml Leupeptin). The clarified lysate was applied to Flag resin, and the proteins were eluted by an elution buffer containing 0.5 mg/ml 3× Flag peptide, 50 mM HEPES (pH 7.4), 150 mM NaCl and 3 mM DTT. The protein was concentrated and stored at −80°C for the pull-down assay.
In vitro kinase assays The in vitro kinase assays were performed in the reaction buffer containing 25 mM HEPES (pH 7.4), 100 mM KAC, and 1 mM MgCl 2 . The purified human AKT (K179D) serves as a substrate. Purified mTORC2 complex was mixed with AKT (K179D) in a 15 μl reaction. Reactions were initiated by the addition of 0.5 mM ATP, and incubated for 30 min at 37°C. Reactions were terminated by the addition of SDS-PAGE sample loading buffer and analyzed by western blotting.
In vitro pull-down assay The purified GST-FKBP12 was incubated with rapamycin for 20 min on ice in equal molar ratio before pull-down assay. In the GST pull-down assay, 150 nM pre-incubated GST-FKBP12-rapamycin was incubated with the purified Flag-tagged mTORC1 complex (30 nM, 75 nM) and Flag-tagged mTORC2 complex (30 nM, 75 nM) in 300 μl of pull-down buffer (30 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% CHAPS, 0.5 mM EDTA, 3 mM DTT) for 15 min on ice, respectively. Glutathione resins were washed four times with the pull-down buffer and then mixed with the proteins at 4°C for 1 h. After being washed three times with the pull-down buffer, the immobilized proteins were subjected to SDS-PAGE and stained by Coomassie blue.
In the Flag pull-down assay, 15 nM purified Flag-tagged mTORC2 protein was incubated with increasing amount of preincubated GST-FKBP12-rapamycin (75 nM, 150 nM, 750 nM, 1.5 μM) in 300 μl of pull-down buffer for 15 min on ice, respectively. Flag resins were washed four times with the pull-down buffer and then mixed with the proteins at 4°C for 1.5 h. After being washed three times with the pull-down buffer, the bound proteins were subjected to SDS-PAGE and stained by Coomassie blue.
Co-immunoprecipitation assays
The indicated plasmids were co-transfected to 10 ml of 293F cells and cultured at 37°C for 72 h. The cells were harvested and lysed in lysis buffer containing 50 mM HEPES (pH 8.0), 300 mM NaCl, 0.1% CHAPS, 5 mM ATP, 5 mM MgCl 2 , 2 mM EDTA, 3 mM DTT, 10% (v/v) glycerol, 1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml pepstatin, 1 μg/ml leupeptin. Supernatants were incubated with the indicated resins at 4°C for 1.5 h. After being washed three times with wash buffer (50 mM HEPES, pH 7.4, 300 mM NaCl, 5 mM MgCl 2 , 5 mM ATP, 0.1% CHAPS, 3 mM DTT, 10% glycerol), the immobilized proteins were subjected to SDS-PAGE and visualized by Commassie blue staining and/or western blotting using the indicated antibodies.
Cross-linking and mass spectrometry analysis The purified mTORC2 (1.2 µg/µl) was cross-linked with disuccinimidyl suberate (DSS) in a 1:150 molar ratio at room temperature for 20 min. The reaction was quenched by adding 20 mM ammonium bicarbonate. Cross-linked sample was digested with trypsin overnight. After being quenched by 5% formic acid, the tryptic peptides were desalted with Pierce C18 spin column and separated in a proxeon EASY-nLC liquid chromatography system by applying a step-wise gradient of 0%-85% acetonitrile (ACN) in 0.1% formic acid. Peptides eluted from the LC column were directly electrosprayed into the mass spectrometer with a distal 2 kV spray voltage. Data-dependent tandem mass spectrometry (MS/MS) analysis was performed on Thermo Q-Exactive instrument in a 60-min gradient. Raw data was processed with pLink software, 34 and the results were visualized using the xiNET online server (Rappsilber Laboratory, University of Edinburgh, Scotland; crosslinkviewer.org). 35 EM data acquisition For negative staining EM, 5 µl of mTORC2 complex was applied to glow-discharged copper grids supported by a thin layer of carbon film for 1 min before negative staining by uranyl formate (2%, w/v) solution at room temperature. The negatively stained grid was loaded to FEI Talos L120C operated at 120 kV for evaluation of the protein quality.
For cryo-EM grid preparation, aliquots of 4 µl of mTORC2 complex (~1.5 mg/ml) were applied to glow-discharged holey carbon grids (Quantifoil Au, R1.2/1.3, 400 mesh). The grids were then blotted for 3 or 5 s and flash-plunged into liquid ethane precooled by liquid nitrogen using an FEI Vitrobot mark IV operated at 10°C and 100% humidity. Cryo-EM grids were loaded onto an FEI Titan Krios microscope equipped with K2 Summit camera for data collection. All the cryo-EM images were automatically recorded at counting mode using Serial-EM. 36 The magnification is 29,000, corresponding to a pixel size of 1.01 Å. For each image stack, a total dose of about 50 electrons were equally fractioned into 32 frames with a total exposure time of 8 s. Defocus values used to collect the dataset ranged from −1.7 to −4.4 μm.
Image processing
For cryo-EM data, beam-induced motion correction was performed using the MotionCor2 to generate average micrographs and dose-weighted micrographs from all frames. 37 The contrast transfer function parameters were estimated by CTFFIND4 38 from averaged micrographs. Other procedures of cryo-EM data processing were performed with RELION 1.4 or RELION 2.0 using the dose-weighted micrographs. 39 After two rounds of reference-free 2D classification, 294,995 particles were then subjected to 3D classification with the previously reconstructed mTORC1 cryo-EM map (EMDB: 6668) as the initial model after low-pass filtered to 60 Å. Then, 195,353 particles were used for refinement with the imposition of C2 symmetry. A reported 4.92 Å resolution (corrected gold-standard FSC 0.143 criteria) map was generated after B-factor sharpening with a B-factor of -244 Å 2 (Postprocessing in RELION). 36 All the visualization and evaluation of the 3D volume map was performed using Chimera, 40 and the local resolution map was calculated using ResMap. 41 The procedures for data collection are summarized in Supplementary information, Figure S4 .
Model building into the cryo-EM map The cryo-EM structure of mTOR/mLST8 (PDB ID: 6BCX) 24 was docked into the mTORC2 cryo-EM map using EMfit 42 while maintaining the two-fold symmetry. The models of Rictor and mSin1 were manually built using COOT. 43 The coordinates of the final structure were refined in the real space using phenix. real_space_refine. 44 Model validation was performed with PRO-CHECK 45 and the WHATCHECK routine of WHAT IF. 46 Accession codes The electron density map and corresponding atomic coordinates have been deposited in the Protein Data Bank (http://www.rcsb.
org/pdb) with code: 5ZCS and EMDB (http://www.ebi.ac.uk/pdbe/ emdb/) with code: EMD-6913.
